Introduction
Even small rises in brain temperature critically influence histopathological and functional consequences of various types of brain injury. For example, it has been reported that mild hyperthermia (38. 5-39°C) worsen neuronal damage in models of cerebral ischemia and traumatic brain injuryo. More severe hyperthermia (40-43°C), as seen in the patients with heat stroke, causes brain damage by per se.
In these cases, the pathological changes such as congestion, edema, extensive neuronal loss and gliosis have been reported2). On the other hand, localized hyperthermia has been used for the treatment of malignant brain tumors in combination with radiation and chemotherapy3). However, such a therapeu-tic range of hyperthermia (40-50°C) can affect the normal tissue adjacent to the treated tumor4) . Previous laboratory studies have demonstrated that hyperthermia in excess of 43°C causes significant damage to normal brain5). The responsible mechanisms induced by such damage , however, remain to be established.
Since energy for the brain is derived from glucose oxidation, the study of cerebral glucose utilization offers important information about the functional state of the brain . In models of focal cerebral ischemia, for example, glucose utilization is significantly decreased in the ischemic core and the increase in glucose utilization is seen at the periphery of the ischemic zone6) . Such studies have helped to clarify the pathophysiology of brain injury caused by cerebral ischemia. Effects of hyperthermia on tissue blood flow have been demonstrated in various organs7-8), and we have demonstrated that hyperthermiainduced injury in the brain is associated with a reduction in cerebral blood flow (CBF) and consequent cerebral ischemia5). When the study of LCGU following localized hyperthermia is combined with previous CBF studies, these are expected to provide key information on the mechanisms underlying hyperthermia-induced brain injury. So far the studies of the changes in LCGU following mild hyperthermia (40°C) have been reported9-'°). In the present study , the changes in LCGU were investigated following the localized interstitial hyperthermia (40-45°C) in the rat .
Materials and Methods

Surgical preparation and Induction of hyperthermia
Adult male Wistar rats weighing 400-500 g were used . The surgical technique and the method of hyperthermia have been described in detail5) . Briefly, under isoflurane anesthesia with mechanical ventilation via a tracheostomy, the animals were fixed in a stereotactic frame . Hyperthermia was performed using radiofrequency (RF) electrodes implanted in the brain. Two RF electrodes covered with blind-end teflon catheters were placed parallel to each other in a rectangular acrylate template . The reference thermocouple probe for recording the target temperature was always set in the center between the two RF electrodes. Through a craniotomy made at the left parietal bone , the RF electrodes were inserted into the brain at a depth of 10 mm from the surface (stereotactic co-ordinates relative to bregma: anterior electrode ; anterior 2 min, lateral 2 mm and the posterior electrode ; posterior 5 mm , lateral 2 mm), and the reference thermocouple probe was placed at a depth of 5 mm (stereotactic co-ordinates relative to bregma : posterior 3.5 mm, lateral 2 mm). Another thermocouple probe for recording the temperature in the contralateral hemisphere was placed at a depth of 5 mm (stereotactic co-ordinates relative to bregma : posterior 3.5 mm, lateral 2 mm) through a burr hole in the right parietal bone. Then, radiowaves at a frequency of 8M Hz and an output of 10-20W were used in hyperthermia , which was maintained for 30min after the temperature recorded by the reference thermocouple had reached the target temperature .
In sham-treated rats two electrodes were implanted in the brain by the same methods as hyperthermiainduced rats. The brain temperature in the sham-treated rats was kept at 37°C for 30 min . was initiated by intravenous [14c] 2-DG injection of a dose of 100,u Ci/kg in 0.5 me saline. A arterial blood was taken 10 times for 45min, and frequently sampled during the early period so as not to miss the peak of the arterial concentration curve. After centrifugation, the plasma [14C] activity was determined by liquid scintillation counting (LC-500, Aroka Co. Ltd., Japan). The plasma glucose concentrations were measured by the oxidase method (Glucose Analyzer 2, Beckman Instruments, Fullerton, CA). Forty-five min after injection of [14C]2-DG, the anesthesia was deepened by increasing the isoflurane concentration to 2 %, and the rat was removed from the stereotactic frame and killed by decapitation. The brain was rapidly removed and frozen in isopentane chilled with dry ice at 50°C. The forebrain was then cut into 20-,um coronal sections in a cryostat at 20°C and the brain sections were mounted on glass cover slips and rapidly dried at 60°C on a hot plate. The brain sections were exposed for 7 days against single emulsion x-ray films (SB-5, Kodak, Tokyo, Japan) along with 
Results
Physiological Variables
Rectal and brain temperatures were maintained at 37°C, and arterial blood pressure, blood gases and pH were kept within their normal ranges during blood sampling for quantitative autoradiography in both sham-treated and hyperthermia animals. There were no significant differences between the two groups.
Changes in local cerebral glucose utilization Figure 1 shows the autoradiograms of the sham -treated rats. The anterior and posterior RF electrodes were located in the sections through the caudate nucleus and hippocampus, respectively.
Small zones of decreased glucose utilization were seen at the RF electrodes track, which was surrounded by rims of increased glucose utilization.
In hyperthermia-induced animals, large areas of decreased glucose utilization were seen around both the anterior and posterior RF electrodes (Fig. 2) . These hypometabolic cores were surrounded by 400 ,um-wide hypermetabolic bands.
In sham-treated rats, there were no significant differences in the values of glucose utilization between the contra-and ipsilateral hemispheres to electrode implantation except for the hypo-and hyper-metabolic areas around the RF electrode (Table I) . The values of glucose utilization of the hypometaboic core seen around the anterior and posterior RF electrodes in the cortex were 32 .1 ± 2.5 and 32.5 ± 3.9 g mo1/100 g /min, respectively (Table II) . These values were lower than the corresponding structures (i. e. contralateral frontal and parietal cortex) which showed normal metabolism. The values of the hypermetabolic rims were 62.4 ± 2.9 pmo1/100 g /min around the anterior RF electrode and 49.
3 ± 3.0 pmo1/100 g /min around the posterior electrode, respectively (Table II) . These values were similar to those of the corresponding contralateral cortical structures (i. e. 65.3 ± 2.9 pmo1/100 g /min in the frontal cortex and 67.1 ± 3.7 pmo1/100 g /min in the parietal cortex , respectively). (Table II ). In the hypothermic core, the values of glucose utilization were 17.2 + 2.4 pmol/ 100 g /min around the anterior RF electrode and 14.9 + 2.8 pmo1/100 g /min around the posterior RF electrode. In the hypermetabolic bands, the values were 87.4 + 8.3 pmo1/100 g /min around the anterior electrode and 74.8 + 6.1 pmo1/100 g /min around the posterior RF electrode. All of these were significantly higher than those of the corresponding structures of the contralateral hemisphere of the sham-treated rats. Table III shows the comparison of glucose utilization in the contralateral brain structures between 
Discussion
Hyperthermia-induced changes in glucose metabolism in ipsilateral side.
The increased LCGU following mild hyperthermia (40°C) using water-bath or hot air was observed in several parts of the rat brain9-'°). In the present study, the changes in LCGU were investigated following the localized interstitial hyperthermia (40-45°C) in the rat. In the lesions heated to 45°C (the electroded core lesions), LCGU values were decreased significantly. In these lesions, the CBF decreased immediately after hyperthermia induction to reach 10 % of the baseline5). Therefore, it was possible that the lesions of low 2-DG uptake reflected poor tracer delivery due to low blood flow rather than the glucose metabolic rate of the tissue. Marked coagulation necrosis and severe neuronal degeneration were observed histologically in the lesions heated to 45°C5). If the glucose metabolic rate of this lesion is considered from histological findings, it could be very low. Hyperthermia at 45°C induced vascular damages and caused consequently cerebral ischemia. The thermal injury at 45°C caused remarkable LCGU reduction as reflected by severe damages. LCGU was increased at the margins around the severely damaged lesions around the electrodes.
The area of increased LCGU was 3.5-4.4 mm away from the RF electrode. These hypermetabolic lesions corresponded to the area heated to 43°C. Hyperthermia changes the membrane permeability and cellular ionic balance"). The sodium-potassium pump was markedly affected by hyperthermia, and activation of the sodium-potassium pump is a mechanism to maintain a normal intracellular ionic environment8, [14] [15] .
Hyperthermia induces a release of potassium and an increase in extracellular potassium. Increased glucose utilization in the brain might be due to enhanced activity of a sodium pump, in order to maintain membrane potential and reconstitute an electrochemical gradient'2). Therefore, the increases of 2-DG uptake might reflect the energy demand of cells required ionic pump against ionic perturbation due to increased membrane permeability and membrane damages directly by hyperthermia.
It is possible that excitatory amino acids might be correlated with an increase of 2-DG uptake following hyperthermia. The extracellular glutamate concentrations reached neurotoxic levels when the brain was heated to 43°C and above16). Ion channels activated by excitatory amino acids and to metabolize excitatory amino acids are involved in the increase in glucose utilization").
In the present study, the increases of 2-DG uptake might also reflect the metabolism of excitatory amino acid.
Increased LCGU was seen after hyperthermia in the lesions heated to 43°C, while CBF in the lesions heated to 43°C did not reach ischemic levels (80 % of the baseline level) 5). However, at 120 minutes after hyperthermia, CBF reached ischemic level (31 % of the base line) and neuronal shrinkage was found in these lesions5). Therefore, the increased LCGU in the lesions heated to 43°C may be an early indicator 
